This paper presents a comprehensive performance evaluation of an error control scheme using decomposable codes while satisfying Quality of Service (QoS) requirements in a multiple-Wireless Body Area Network (WBAN) environment. Our QoS control scheme comprised a multiplexing layer and decomposable error control coding used to adapt the communication parameters and satisfy the different performance requirements of different types of WBAN data traffic. Using mathematical analysis and simulations, it has been shown in previous studies that this method has a better residual bit error ratio (RBER) and throughput performance than that of an IEEE 802.15.6-based solution. The energy efficiency of the proposed method was recently evaluated for an additive white Gaussian noise case. In this work, this performance evaluation was complemented by simulating the RBER performance under a defined worst-case scenario. The energy efficiency was compared with that of the IEEE 802.15.6 solution using a realistic WBAN channel model and accounting for the interference from neighboring WBANs. Results from the previous studies and the new results are given to provide a complete description of the performance of our method. The results demonstrate that an error control scheme based on decomposable codes satisfies the QoS requirements of different data types and provides a more flexible and energy efficient QoS control than that of the IEEE 802.15.6 solution. The scheme was also shown to guarantee communication performance in the worst-case scenario, whereas the IEEE 802.15.6 solution failed to do so.
Introduction
The ratio between the old and young in the global population is more rapidly increasing than that in the past. This is raising concerns regarding the increasing cost of medical care. It is also thought that people will become increasingly health conscious in the future. Meanwhile, portable devices such as smart phones, tablets, and wearable devices have become widespread. Health monitoring systems employing wearable vital sensors and using wireless communication (also known as m-health or m-IoT) have received significant attention in recent years [1] - [10] . It is expected that m-IoT will allow continuous monitoring of the user's physical condition and help preempt serious illnesses. In the field of m-IoT systems, the wireless body area network (WBAN) is a key technology [11] - [14] . Extensive work on the standardization of such systems has been carried out [9] - [10] . In a WBAN system, a wearable vital sensor node can use a range of sensor types, all of which have different data rates. The allowable communication error ratio or delay depends on the application used. IEEE Std. 802.15.6 defines eight levels of user priorities, as shown in Table 1 [9] . The Quality of Service (QoS) control must ensure that different types of data can be communicated as efficiently as possible at a satisfactory quality level. The optimal QoS control of input data is therefore an important factor in sensor data transmission [11] - [14] .
To address this requirement, we have proposed an optimal QoS control scheme employing a multiplexing layer for priority scheduling and a decomposable error control coding scheme that can adapt to varying channel conditions [11] . The target WBAN is a wearable device comprising multiple sensors whose output data is transmitted using a common medium access control (MAC) and PHY layer [11] . Simulations were conducted to evaluate the performance of the proposed system and to compare its performance with that of a system based on IEEE 802.15.6 [11] . We earlier presented a theoretical analysis of the proposed method in [12] , and derived a lower bound on throughput and an upper bound on the residual bit error rate for both the proposed system and the standard system under the additive white Gaussian noise (AWGN) channel and the Rayleigh fading channel. In the same study, we investigated the QoS parameters to allow optimization of our system [12] . However, the study did not take account of interference from other WBANs, and the worst-case performance has not been evaluated in previous studies [11] - [12] .
In [13] , the residual bit error ratio (RBER) and throughput performances of the proposed scheme was evaluated in a multiple WBAN environment, representing a more realistic situation than those in [11] - [12] . A further study investigated the energy efficiency of the proposed scheme in the AWGN channel using computer simulations [14] . Energy efficiency is an important factor because WBAN nodes are small and their battery capacity is limited. It is therefore crucial to evaluate the energy efficiency of the proposed decomposable error control codes using a more realistic channel model.
To complete the performance evaluation of the proposed scheme, this study quantitatively evaluated the RBER and energy efficiency of our proposed system under a WBAN channel model not only in a general case, but also in the worst-case scenario. High levels of reliability are required in medical applications, especially when channel conditions are poor. The difference in each performance metric between the general and worst cases provided a clear performance comparison. In previous work, the performance evaluation was conducted for differential binary phase shift keying (DBPSK) modulation. In this work, differential quadrature phase shift keying (DQPSK), as defined in IEEE 802.15.6, was also investigated. Simulation results showed that the proposed scheme was able to achieve a strong performance and to guarantee a satisfactory QoS in both scenarios, while the IEEE Std. 802.15.6 solution failed to meet the QoS requirements, especially in the worst case scenario.
The rest of this paper is organized as follows. In Section 2, we introduce the 15.6 Std. In Section 3, the system model of our scheme is given. Section 4 describes our decomposable error correction code and the working process of our proposed system. Section 5 sets out the energy efficiency model. The results of our performance evaluations using computer simulation are given in Section 6. Finally, we present our conclusions in Section 7.
IEEE Std. 802.15.6
In this section, we describe the relevant parts of IEEE 802.15.6. A more detailed account of IEEE 802.15.6 is presented in [9] .
2.1

Modes of operation
The 15.6 Std. defines three PHY layers: narrowband (NB), ultra-wideband (UWB), and human body communications (HBC). In this study, we focused on an impulse radio ultra-wideband PHY layer (IR-UWB-PHY) which offers high data rate transmission, low energy consumption, and good coexistence with other wireless communication systems. In the UWB-PHY of IEEE 802.15.6, there are two modes of operation: default mode and high QoS mode. The default mode can be used in both medical and non-medical applications. The high QoS mode is for use in medical applications which have a user priority of six.
UWB PHY frame format
The UWB PHY frame format is formed by the synchronization header (SHR), the physical layer header (PHR), and the physical layer service data unit (PSDU), respectively, as shown in Figure 1 [9] . The PSDU contains the MAC protocol data unit (MPDU) and the BCH parity bits in default mode, while the PSDU contains either the MPDU or BCH parity bits in high QoS mode. The PSDU can therefore be regarded as the payload. The information contained by the PHR includes the data rate of the PSDU and the length of the MAC frame body, and the SHR contains the preamble used for timing synchronization, packet detection and other purposes, and the startof-frame delimiter (SFD) for frame synchronization. In this research we focused mainly on the performance of the payload (PSDU). 
2.3
Error control scheme for the UWB-PHY In these modes of operation, the channel codes applied to the PSDU are (63, 51) BCH code in the default mode defined in UWB-PHY and NB-PHY and (126, 63) shortened BCH code in the high QoS mode defined in UWB-PHY. In the high QoS mode, the (126, 63) shortened BCH encoder uses the hybrid ARQ mechanism and the (126, 63) shortened BCH code is derived from the mother code (127, 64) BCH. The type II hybrid ARQ scheme is used in the high QoS mode. The process can be summarized as follows: (1) A packet D is encoded with the (126, 63) shortened BCH code.
The output of the encoder consists of parity bits P and systematic bits D of the same length. Both D and P are stored at the transmitter, but only D is transmitted. If such a transmitted packet is detected in error by the CRC-16-CCITT code, D is not discarded but is stored at the receiver. (2) Upon No acknowledgment (N-ACK) at the transmitter, P is transmitted and the information bits are recovered by (126, 63) BCH decoding with the stored D and received P. (3) If the (126, 63) BCH decoding fails, the D stored at the receiver is discarded and P is stored instead. Upon N-ACK at the transmitter, the previously stored D at the transmitter is sent again. (4) If such a retransmitted D is detected in error, (126, 63) BCH decoding is applied to the received D and the stored P. If (126, 63) BCH decoding fails and the maximum number of retransmissions has not been reached, the stored P is discarded, the received D is stored, and P is retransmitted upon N-ACK at the transmitter. (5) This process is repeated until D is successfully received or the maximum number of retransmissions is reached. The maximum number of retransmissions for the hybrid ARQ is set to four. IEEE 802.15.6 defines such an error control method. However, in the default mode, the error correction capacity is increased by repeated retransmission, as only a single BCH code is used. This limits the error correcting capacity of the high QoS mode because both the maximum number of retransmissions and the coding rate of the error correcting code are fixed. The error control scheme of the standard cannot therefore meet the various QoS requirements for WBAN data.
System model
We assumed that the sensor node comprised multiple sensors transmitting different types of data to the hub, as shown in Figure  2 . In this study, two data types (Data A and Data B) with different applicable QoS standards were considered. Low RBER is required for Data A, while low redundancy is needed for Data B, to maximize energy efficiency and reduce latency. As the first reason for selecting those QoSs, we particularly focused on an error controlling scheme utilizing Hybrid ARQ in the paper, and then RBER and the energy efficiency are very important parameters for an evaluation of such a scheme. Secondly, those two parameters are related to a trade-off. So, we also aimed to show the relationship in some evaluations. Data A was assumed to be a physiological parameter with a low data rate, for example blood pressure, SpO2, or temperature, and Data B to be a waveform such as an ECG output. The transmission order and error control processes of different types of data packet depend on the QoS level required. Table 1 summarizes the characteristics of the different data types. The required data rates were taken from [15] . RBER is the ratio of bit errors when the maximum number of retransmissions has been reached.
In addition, each WBAN operated independently and interfered with the others, as shown in Figure 3 .
The transmitter consisted of a multiplexing module, a MAC module, and a PHY module [11] - [14] . The MUX (multiplexer) controller in the multiplexing module controlled the multiple QoS levels, based on these priorities. First, data was added to the user priorities. The header, including the user priority information (e.g., the latency, rate of error control coding, number of repetitions in ARQ, etc.) was then added to the user priorities in the multiplexing layer. Next, the multiplexer controller in the multiplexing layer provided instructions to each data set based on predefined parameters. In response to the QoS control signal, the multiplexing layer performed error and delay control. Finally, data with different user priorities were multiplexed and sent to the MAC layer [11] - [12] .
In the IEEE 802.15.6 definitions, data can be modulated at the UWB PHY layer by using either on-off keying (OOK) in the default mode and optionally in the high QoS mode, or differentially encoded phase-shift keying (DPSK) in the high QoS mode and optionally in the default mode [9] . In this research, DBPSK and DQPSK were used because DPSK modulation has higher robustness against errors than OOK, and this modulation scheme can also be more easily simulated. The DPSK transmitting symbols are given by following equation:
where is the m th encoded DBPSK or DQPSK symbol, m = (0,1, … , N), N gives the number of symbols, −1 = 1, and 0 is an arbitrary phase. The symbol carries either one (DBPSK) or two (DQPSK) bits of information. The mapping of information bits onto is given in Tables 2 and 3 . Table 3 . Mapping of information bits onto for DBPSK.
Beacon mode with superframes (mode I) [9] .
To increase robustness against multipath fading and multi-user interference, a direct spread spectrum (DSSS) technique can be used for the DPSK modulated data. The effectiveness of the DSSS technique in a multiple WBAN environment in a hospital was demonstrated in [16] .
In the MAC layer, this study assumed a beacon mode with super frames, following [9] . In this mode, a hub sets the access phase, such as an exclusive access phase (EAP), random access phase (RAP), managed access phase (MAP), or contention access phase (CAP). This is illustrated in Figure 4 . A hub may set the length of any of these access phases to zero. In this study, only MAP was used to reflect the requirement for medical data to be transmitted more reliably than non-medical data. A hub and nodes may send data by using scheduled allocations, preventing collisions from occurring in the same WBAN. If a random access protocol is also used, the required delay, energy consumption, or number of retransmissions will increase because of packet collisions. These factors cannot then be guaranteed, and their dependability is reduced. Some ACK policies, including I-ACK and G-ACK and so on, are defined in IEEE 802.15.6 [9] . In this research we assumed that I-ACK was sent immediately if the packet was sent successfully, while N-ACK was sent if the packet transmission failed.
Decomposable error control coding
In our previous studies, a decomposable error control code was used to optimize the QoS levels of different data types [11] - [14] . As an example of a decomposable code, a punctured convolutional code with a constraint length K = 3 and coding rates of 8/9~1/2 was used as a reference [11] - [12] . In [13] - [14] , the coding rate was extended to 1/16.
The punctured convolutional code was generated from a convolutional code whose generator polynomial was [7, 5] and code rate was r = 1/2. The punctured matrix of r = 0 / 0 =8/9 is shown in Figure 5 . [14] .
The two patterns of the r = 8/9 punctured codes (code words 1 and 1') were generated using this punctured matrix. At the first transmission time, the code word 1 was sent. To increment the code rate of the punctured code, elements of the code word 1' were then sent after the first transmission, as shown in Figure 6 . After all elements for reconstructing the original convolutional code had been sent, the code words 1 and 1' were alternately transmitted. An example is given in Figure 7 . Finally, the receiver reconstructed and decoded any low-rate decomposable code by changing the number of data copies using Weldon's ARQ protocol [17] .
In the proposed scheme, retransmission was performed as follows. First, the information was encoded via the punctured convolutional code, and code word 1 from Fig. 5 was transmitted. If errors were detected, the receiver stored the transmitted code word 1 and the transmitter re-sent the subcode word of code word 1' times if 1 ≤ ≤ 3. At the receiver, the received sub code word and stored code word were combined ( Fig. 6 ) and the reconstructed code word was decoded. After the third retransmission, code word 1 was sent 4 times and combined with a buffered codeword. If errors were detected, the 4 codeword 1 was buffered in the receiver, and codeword 1' was transmitted 5 times and combined with a stored code word. After that, code words 1 and 1' were sent alternately times and stored. The transmitter repeated these operations until the data had been correctly received or the predefined maximum number of retransmissions had been reached.
In this research, the parameters of Weldon's ARQ protocol were set as shown in Table 4 . A buffered existing code word was updated to become a new transmitted code word. The error correction ability increased as the coding rate decreased, in the order of 8/9~1/16. It is also possible to combine this coding scheme with link adaptation for channel condition [18] . However, this approach was not used, as the parameters were preset to allow our system to adapt to each QoS. Figure 8 shows a flowchart of the protocol of the proposed scheme. The operation was continued until no further errors were detected or until the maximum number of retransmissions q was reached.
Energy efficiency model
We based our energy consumption model on those in [14] and [19] . The energy consumption for the communication link was calculated as follows:
where is the acknowledgement (ACK) packet length, R is the uncoded data rate, is the duration of an ACK packet, is the length of a physical layer header (PHR), is the length of a synchronization header (SHR), , is the length of a physical layer service data unit (PSDU) for the i th transmission, , is the length of the i th transmission, is the number of transmissions, is the duration of the transmissions, , is the transmitter RF power consumption, , is the transmitter circuitry power consumption, is the receiver power consumption, and are the encoding and decoding energies, 0 is the number of uncoded bits, is the number of transmitted encoded bits, is the number of copy blocks of Weldon's ARQ at the i th transmission and is the number of information bits in a code word. The PSDU length is changed in every retransmission following the used decomposable ECC method.
The encoding and decoding energy consumption for the decomposable coding were calculated based on the model introduced in [20] as 
Here,
[nW/bit] is the encoding power of a convolutional code and [nW/bit] is the decoding power of Viterbi decoding. The values of and were taken from [20] . Finally, the energy efficiency was defined as ≡ . (9) where is the number of successfully received information bits after NTx transmission trials, excluding redundancy or header bits. Hence, was expressed as follows:
= { (If sent successfully) 0 (If not) .
6. Performance evaluations 6.1
Simulation conditions
In this section, the simulation model developed for the performance evaluation of the proposed scheme is described. Two types of situation were considered, as shown in Figure 9 . Here, means the distance from the j th other WBAN of an objective WBAN. In Case 1, a general case, other WBANs followed a uniform distribution within three meters of the objective WBAN. A path loss of transmission power from the other WBANs was treated as a free space propagation loss. IEEE802.15.6 CM4 [21] was applied to the channel model from the other WBANs. IEEE802.15.6 CM4 defines a channel model between a WBAN node or hub and an external device. In Case 2, the other WBANs were placed more closely to the objective WBAN. This case applied IEEE802.15.6 CM3 [21] , which is a channel model for a wearable WBAN under interference from other WBANs. In this scenario, the other WBANs were not regarded as external devices but as an asynchronous wearable WBAN node. This constituted the worst- Fig. 9 . Two types of cases in computer simulations. (1) and (2) present case 1 (general case) and case 2 (worst case) [13] , respectively. CM3 was adopted. These channel models were derived experimentally [21] . IEEE Std. 802.15.6 allows beacon shifting or channel hopping to be utilized to allow coexistence with other WBANs. This scheme was not considered in the current study, as we wished to test the robustness of our approach and the standard approach against interference from other WBANs. To do this, we investigated whether each scheme could achieve high levels of dependability under poor conditions, such as the presence of significant interference. The main simulation parameters are listed in Table 5 . The power consumption parameters for the transceivers were based on [19] , [22] , and [23] . In the simulations, we compared our proposed scheme with both the modes defined in the IR-UWB PHY specifications of IEEE 802.15.6 [9] : default mode with optional modulation and high QoS mode with mandatory modulation. DBPSK and DQPSK modulation were therefore utilized. In the simulations of the standard scheme, Data A was transmitted using the default mode with ordinary ARQ, whereas Data B was transmitted using the high QoS mode with hybrid ARQ. If errors were detected, the system retransmitted until the maximum number of retransmissions was reached. Then, we assumed that Data A was transmitted every superframe, while Data B was done every time slot because of each QoS. Time slot length and superframe length are shown in Table 5 . The spreading factor was then changed based on the modulation scheme, as the data rate was fixed. For DBPSK, = 7, while for DQPSK, = 15. As our main focus was on the performance of the payload (PSDU), we assumed that the control process was completed in a time slot, and the signaling or control overhead was not considered in the simulations. Then, we mainly focused on performance of the target WBAN because our proposed scheme is closed within a WBAN and does not affect other WBANs.
6.2
Numerical results Figures 10 and 11 show the RBER, and energy efficiency of the proposed scheme with each mode defined in IEEE 802.15.6 as a function of the energy per symbol to noise power spectral density ( / 0 ) . The number of other WBANs was set at five. In Case 1, the proposed scheme satisfied each QoS level under lower / 0 conditions, whereas the standard approach did not. The reason is that the standard scheme is not basically designed so that any QoSs can be satisfied. Hence, it can be said that the performance of each mode in the standard was simply expressed. Also, that is one of problems in the standard scheme. The RBER performance of our proposed scheme was clearly better than that of the standard scheme. For Data A, the difference between the proposed scheme and the standard scheme was approximately 8.5-10 dB. For Data B, our proposed scheme more successfully mitigated the RBER of the high QoS mode. The energy efficiency of IEEE.15.6 was 1.5-3 [information bit/ μ J] greater than that of our proposed scheme under high SNR conditions. Our proposed scheme needed retransmissions to reach the required error correction capacity, and therefore larger power consumption. However, this higher performance can be achieved under a range of SNRs. The standard scheme needed fewer transmissions under high SNR conditions as sufficient errors were removed in the first transmission. This meant that the standard did not have large power consumption due to retransmissions under high SNR conditions. However, it was unable to achieve this high performance under low or middle SNR conditions, even though the power consumption was high. The performances in Case 2 were worse than those in Case 1, especially when using the standard method. However, our proposed scheme was able to satisfy the required QoSs in the worst-case scenario under lower SNR conditions than the standard scheme. Under high SNR conditions in Case 2, the energy efficiency of our proposed scheme was better by 1.5-2.5 [information bit/μJ] than that of IEEE 802.15.6. This was due to the error correction of the standard scheme. For our system, the energy efficiency was better for Data A than for Data B under low SNR conditions in both Cases 1 and 2. This was because the error correction capacity for Data B was insufficient, and bit errors could not be sufficiently reduced under these conditions. Table 6 shows the average difference in performance between Cases 1 and 2. The difference achieved by our proposed scheme was 4-71% smaller than that of IEEE 802.15.6. The proposed method was shown to achieve a good performance in the worst case, suggesting that it is more dependable than IEEE 802.15.6. It can be seen from Table 6 that the difference in RBER for Data B of the standard scheme was smaller than that of the proposed scheme in the DQPSK modulation. This reflects the poor RBER performance of the standard scheme under low and middle SNR conditions. / 0 was set to 5 dB in the DBPSK modulation and 8dB in the DQPSK modulation, respectively. The results mirrored those presented in Figures 9 and 10 . In Figure 11 (a) , the RBER of Data A is not plotted because all errors were removed by the large error correcting capacity. As the number of other WBANs increased, the performance deteriorated. However, the proposed scheme satisfied the QoSs for two data sets. In contrast, the standard performed very poorly, especially in Case 2. This suggested that the standard scheme was not robust against strong interference from other WBANs. In Case 1, the energy efficiency performance of the high QoS mode was inferior to those for Data A of the proposed scheme, with a maximum difference in energy efficiency of 2 [information bit/μJ]. The standard scheme had a poor RBER performance under small interference conditions in both modulation cases, whereas the RBER performance of our scheme under the same conditions was good. The superior performance of our scheme reflects the analysis in [12] - [14] . In these simulations, parameters such as / 0 were taken from these references. Table 7 summarizes the difference in performance between Cases 1 and 2. The difference for Data A in IEEE 802.15.6 for both modulation cases was very small because of the very poor performance in both Cases 1 and 2. Then, the difference for Data B of IEEE 802.15.6 was smaller than that of our system in the DQPSK modulation, because of its poor performance in the worst case. Table 9 . Average difference in performance as a function of an allowed delay between Cases 1 and 2 (the number of other WBANs is five and the modulation is DQPSK). Figures 14 and 15 show the performance as a function of allowed delay with / 0 = 5 dB and / 0 = 8 dB using DBPSK modulation. The allowed delay affects the number of retransmissions that can be performed within the latency requirements for the particular data type. Those figures compare performances between under low and high SNR conditions. So, we assumed that the number of other WBANs was five because an influence of interference from other WBANs was not too large and not too small in that case from Fig.12 and 13 . It can be seen that as the allowed delay became longer, the performance of the proposed scheme improved. This was especially true under poor channel conditions such as those shown in Figures 14 and 15 , because the error correction for each retransmission was increased. These delays were acceptable for the target applications. In contrast, the performance of the standard method did not improve at low SNRs, even when the allowed delay was increased. This is because error correction did not increase with retransmission. In Case 1, the maximum energy efficiency of our proposed scheme was 2.5 [Information bit/μ J] higher than that of the standard scheme for Data B, and approximately 4.5 [Information bit/μJ] greater than the standard for Data A. In Case 2, the maximum energy efficiency was approximately 3 [Information bit/ μ J] higher than that of IEEE 802.15.6 for both Data A and Data B. Under high SNR conditions, the standard had a better performance at smaller allowed delay times than the proposed scheme in the general case. This was because the error correction of the standard was sufficient to remove errors at the first transmission. The maximum energy efficiency of the standard was 0.2 [Information bit/μJ] greater than that of the proposed system for both Data A and Data B. However, this difference is very small. In contrast, the performance of our proposed scheme was superior to that of IEEE 802.15.6 in the worst case, because the error correction of the standard scheme was insufficient in this case and the standard scheme was unable to increase the error correction at each retransmission. The maximum energy efficiency of our proposed method was 3.5 [Information bit/μJ] larger than that of IEEE 802.15.6 for Data A. Tables 8 shows the difference in performance as a function of the allowed delay between Cases 1 and 2. As can be seen from Table 8 , the standard scheme had a smaller difference for Data A, since the performance was poor in both cases. In terms of energy efficiency, our proposed scheme was able to reduce the difference more successfully than IEEE 802.15.6 because of its superior error correction. Table 8 also shows a larger difference under the high SNR condition. Especially, the standard scheme had larger difference because it was not robust against the strong interference in the worst case scenario. Our scheme achieved a difference 4-57% smaller than that of the standard scheme. Figures 16-17 and Table 9 show the results as a function of the allowed delay with / 0 = 8 and 12 dB using DQPSK modulation. The results mirrored those for DBPSK modulation.
Finally, Figure 18 shows delay time as a function of an allowed delay with / 0 = 5 dB and / 0 = 8 dB using DBPSK modulation and Table 10 shows the difference in delay time as a function of an allowed delay between both cases. These figures a few examples of the delay time for the typical retransmission cases. Then, we show them in order to understand the relationship between the allowed delay and the number of retransmission. The delay time in case of i times transmissions was calculated as follows:
Here, is a transmission interval. Hence, it was assumed that = in case of Data A, while = in case of Data B.
It was shown that the delay time was shorter than the allowed delay from those figures. This is because all errors were corrected before the maximum number of retransmissions was reached. Under poor channel conditions, differences of the delay time between both cases were small in both schemes. On the other hand, those differences were larger from results under high SNR conditions. However, those of the proposed scheme was smaller than the standard scheme. Hence, it can be said that our proposed scheme was able to guarantee the delay time in both cases. By the way, the result in a QPSK case was not shown as an example because that was almost the same as the result for DBPSK modulation.
These results demonstrate that our proposed scheme achieved high performance in a multiple WBAN environment. It can be further observed that IEEE 802.15.6 failed to achieve a satisfactory performance under the worst-case scenario, while our proposed scheme was able to do so under both scenarios
Conclusions and future work
In this research, we proposed an error control method using decomposable error correcting codes. We used this to optimize a range of QoS standards. Computer simulations were conducted to evaluate the proposed scheme against performance measures such as RBER and energy efficiency and to compare the results with those from an error control scheme defined in IEEE 802.15.6, using both DBPSK and DQPSK modulation. The results demonstrated that the proposed scheme was able to satisfy the required QoS for each data type, and that the QoS control was more flexible than that of the standard in both the general and worst-case scenarios. The proposed scheme had poorer energy efficiency than IEEE 802.15.6 under high SNR conditions in the general case scenario. However, the IEEE 802.15.6 solution was unable to achieve the required performance under the worst-case scenario. It can be concluded that the proposed error control coding scheme enables QoS control while maintaining high, or satisfactory, energy efficiency under the different scenarios.
In future work, we will address the following issues. A theoretical analysis of the channel models was not attempted in this paper because the models were experimentally derived. We will investigate the optimal parameters for the channel model using a theoretical analysis. A cross-layer optimization of our error control scheme combining schedule based and random access MAC protocols will also be conducted. Then, we should consider effective interference countermeasure in a multiple WBANs environment. Finally, the control overhead will also be considered. 
